Formation of hydrogen from the CO–H2O system using porous Gd-doped ceria electrochemical cell with MnO cathode and Fe3O4 anode  by Ueda, Koki et al.
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This paper  reports  the  outlet  gas  composition  and  phase  change  of  electrodes  during  the  CO–H2O
reaction  (CO  + H2O →  H2 + CO2) using  an  electrochemical  cell with  MnO–GDC  (Gd-doped  ceria:
Ce0.8Gd0.2O1.9) cathode/porous  GDC  electrolyte/Fe3O4–GDC  anode  system.  In  the  cathode,  oxida-
tion  of MnO  by  H2O (3MnO  + H2O →  Mn3O4 +  H2) and electrochemical  reduction  of Mn3O4 occurred
(Mn3O4 +  2e− →  3MnO  + O2−).  In the anode,  reduction  of Fe3O4 by  CO (Fe3O4 +  CO →  3FeO  +  CO2) and
2− −
eywords:
ater-gas shift reaction
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nO
e3O4
adolinium-doped ceria
electrochemical  oxidation  of FeO  occurred  (3FeO  + O → Fe3O4 + 2e ).  H2 and  CO2 gases  were  produced
through  the above  catalytic  reactions.  The  fraction  of  H2 gas  in the  outlet  gas  increased  at  a  high  heating
temperature  and  was  30–50%  at  700 ◦C. As  a parallel  reaction  of  the  CO–H2O reaction,  the  supplied  CO  gas
was  decomposed  to  CO2 and  solid  carbon  over  Fe3O4 in the  anode  at low  temperatures  (disproportion  of
CO, 2CO  →  CO2 + C).
©  2014  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by. Introduction
The decrease in the concentration of CO2 in atmosphere and the
roduction of a H2 fuel for fuel cells are two important strategies
or the suppression of global warming. In this research group, (a)
ry reforming of a biogas (typically 60% CH4–40% CO2 composition)
o produce a H2 fuel [1–4], (b) a water-gas shift reaction to produce
 H2 fuel [5] and (c) decomposition of CO gas into solid carbon and
xygen [6,7] have been intensively studied using a porous electro-
hemical cell. The above reactions are expressed by Eqs. (1)–(3).
reforming)CH4 + CO2 → 2H2 + 2CO (1)
shift reaction)CO + H2O → H2 + CO2 (2)
decomposition)2CO → 2C + O2 (3)
eactions (1) and (2) proceed smoothly in a porous Gd-doped ceria
lectrolyte cell (GDC) with metal catalyst electrodes. The electro-
hemical decomposition of CO gas occurs through a porous or dense∗ Corresponding author. Tel.: +81 99 285 8325; fax: +81 99 257 4742.
E-mail address: hirata@apc.kagoshima-u.ac.jp (Y. Hirata).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
187-0764 © 2014 The Ceramic Society of Japan and the Korean Ceramic Society. Produc
ttp://dx.doi.org/10.1016/j.jascer.2014.11.002Elsevier  B.V.  All  rights  reserved.
yttria-stabilized zirconia cell (YSZ) with Ni cathode and Ru anode.
The combination of Eqs. (1)–(3) provides an ideal solution for the
production of a H2 fuel and the CO2 decomposition at a same time,
which is expressed by Eq. (4).
Biogas (3CH4 + 2CO2) + CO2(circulated) + H2O
→ 7H2 + CO2 (circulated) + 5C + 5/2O2 (4)
Since the true biogas is enriched in CH4 than Eq. (1), the CO2
required in Eq. (4) is supplied from the shift reaction by Eq. (2).
The CO2 produced in Eq. (2) is circulated in Eq. (4). The excess CO
gas produced in Eq. (1) is decomposed by Eq. (3). The reaction sys-
tem in Eq. (4) can be also applied to a natural gas enriched with CH4
(>90 vol%). Eq. (5) shows the combined chemical reaction for 100%
CH4 gas.
Natural gas (CH4) + H2O + CO2 (circulated)
→ 3H2 + CO2 (circulated) + C + 1/2O2 (5)Fig. 1 shows an electrochemical cell for the shift reaction of CO
with H2O. H2O vapor in the cathode reacts with the supplied elec-
trons to form H2 and O2− ions through the catalytic reactions of
metals by Eqs. (7) and (8) in Fig. 1. The formed O2− ions and CO gas
tion and hosting by Elsevier B.V. All rights reserved.
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700 C, the H2 content increased but was  higher than the CO2 con-
tent. This result is explained in the latter part. Fig. 3 shows the X-ray
diffraction patterns of cathode (a) after the H2 reduction and (b)
after the shift reaction at 300 ◦C (Fig. 2). As produced Mn3O4 in the
80
100
 %
 )
700 ˚C 600 ˚C 500 ˚C
400 ˚C 300 ˚ C
H2(6)+(9) CO  + H2O→ H2 + CO2 (12)
Fig. 1. Electrochemical cell for the reaction of CO with H2O.
re transported to the anode through a porous GDC layer. In the
node, CO gas reacts with O2− ions to produce CO2 and electrons
hrough catalytic reactions by Eqs. (10) and (11). The combination
f Eqs. (6) and (9) yields the shift reaction by Eq. (12). The CO2
as separated from a H2 fuel is mixed again with CH4-rich biogas
r natural gas (Eqs. (4) and (5)). Recently we have reported that a
orous cell of Co–GDC (cathode)/porous GDC (electrolyte)/Fe–GDC
anode) system worked well to produce a H2-enriched mixed gas
f 15% CO–45% H2–40% CO2 at 400 ◦C [5]. Co metal and Fe ions in
e3O4 accelerated the oxidation–reduction reactions in each elec-
rode. Our next challenge is to examine the catalytic shift reaction
ith an abundant element except for Co metal (25 ppm in igneous
ock). A candidate element is Mn  (950 ppm in igneous rock) and its
alence changes in the wide range of −3 to +7. In this paper, MnO
as used in the cathode for the electrochemical shift reaction at
00–700 ◦C and the outlet gas composition was compared with the
esult measured in the cathode with Co metal.
. Experimental procedure
.1. Preparation of electrochemical cell
Table 1 shows the components of the electrochemical cell used.
he electrode of the cell was designed to contain 30 vol% metal
Mn, Fe) and 70 vol% GDC. The detailed preparation method for the
etal–GDC composite powder and the fabrication method of the
ayered electrochemical cell were reported in our previous papers
1–5]. The GDC powder composed of Ce0.8Gd0.2O1.9 was prepared
y heating the oxalate solid solution precursor (Ce0.8Gd0.2)2(C2O4)3
t 1000 ◦C for 1 h in air. The GDC powder was  milled with 3-
m diameter alumina balls for 24 h. The milled GDC powder was
mmersed into a 0.4 M MnSO4 solution to make MnO–GDC elec-
rode. The suspension was stirred for 24 h and then freeze-dried.
he freeze-dried powder was then heated at 1000 ◦C for 1 h in air.
e2O3–GDC electrode was fabricated by mixing the milled GDC
owder and Fe2O3 powder prepared by the pyrolysis of Fe(NO3)3 at
00 ◦C for 2 h in air. The 10-mm-diameter and 1-mm-thick porous
DC powder disk was sandwiched between a cathode powder layer
able 1
omponents of electrochemical cell used.
Cathode (thickness,
open porosity)
Electrolyte
(thickness, open
porosity)
Anode (thickness,
open porosity)
MnO–GDC (5 mm,  42%) GDC (1 mm,  38%) Fe2O3–GDC (5 mm,
36%)mic Societies 3 (2015) 82–87 83
(5 mm  thick) and an anode powder layer (5 mm thick) and pressed
uniaxially at 80 MPa, followed by isostatic pressing at 190 MPa,
and then heated at 900 ◦C for 2 h in air. The phases of the heated
electrochemical cells were identiﬁed by X-ray diffraction (RINT
2200PCH/KG, Rigaku Co., Japan). The bulk and apparent densities of
the sintered porous electrodes were measured by the Archimedes
method in distilled water.
2.2. Electrochemical shift reaction of CO with H2O
Fig. 1 shows the diagram of the electrochemical reaction appa-
ratus for shift reaction of CO with H2O. Pt meshes with Pt
wires were attached to both the electrodes using Pt paste. The
electrochemical cell was  set to an alumina holder and sealed
by heating a glass O-ring at 900 ◦C for 10 min. After cooling
to 800 ◦C, a 47% H2–3% H2O–50% Ar mixed gas was fed into
both the electrodes at 100 ml/min for 24 h to reduce the oxides
(Mn3O4 + H2 → 3MnO + H2O, Fe2O3 + 3H2 → 2Fe + 3H2O). Then, 1 V
of external voltage was  applied with a potentiostat (HA-501G,
Hokuto Denko Co., Japan). The 10 vol% CO–90 vol% Ar gas was fed
into the cathode at 60 ml/min and mixed with liquid H2O supplied
at 2.9 ml/h at the molar ratio of CO/H2O = 1/7.35. The composition
of the outlet gas was  analyzed by gas chromatography (GC 7100T,
J-Science Lab Co. Ltd., Japan) with active carbon (60/80 mesh) and
a thermal conductivity detector at 100 ◦C. After the measurement
of gas fraction at a constant temperature, the applied voltage was
switched off and the supplied gases were substituted for an Ar gas.
After the heating temperature reached the next reaction temper-
ature, CO gas and H2O vapor were supplied again and the applied
voltage was  switched on. Elementary distribution of C, O, Ce, Gd,
and Fe of cross section of the porous GDC cell after the shift reaction
was measured by electron probe microanalyzer (EPMA, JXA-8230,
JEOL Ltd., Japan).
3. Results and discussion
3.1. Shift reaction
Fig. 2 shows the fraction of outlet gas through the porous
GDC electrochemical cell with MnO–GDC cathode and Fe3O4–GDC
anode at 300–700 ◦C where the inlet gas of CO/H2O = 1/7.35 vol-
ume  ratio was  passed. This cell produced H2 and CO2 gases with
the H2/CO2 volume ratio ≈1 at 600–400 ◦C. In the experiment at
◦0
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Fig. 2. Fraction of outlet gas through the porous GDC  electrochemical cell at
300–700 ◦C where the inlet gas of CO/H2O = 1/7.35 volume ratio was  passed.
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Fig. 3. X-ray diffraction patterns of cathode (a) after the H2 reduction and (b) after
the shift reaction at 300 ◦C.
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(a) 3MnO + H2O → Mn3O4 + H2 (Eq. (13))
(d) CO + H2O → H2 + CO2 (Eq. (2))
(c) F3O4 + CO → 3FeO + CO2 (Eq. (17))
(b) Mn3O4 + 3FeO → 3Mn O + Fe3O4 (Eq. (20))
Fig. 6. Standard Gibbs free energy changes for the reactions in the (a) cathode, (c)ig. 4. X-ray diffraction patterns of anode (a) after the H2 reduction and (b) after
he  shift reaction at 300 ◦C.
DC matrix was reduced to MnO, which acted as a catalyst to form
 H2 fuel. No change of MnO  and GDC phases was observed after the
hift reaction. Fig. 4 shows the X-ray diffraction patterns of anode
a) after the H2 reduction and (b) after the shift reaction. Fe in the
tarting anode changed to Fe3O4 after the shift reaction. This result
as also observed in the previous cell of Co–GDC cathode/porous
DC/Fe–GDC anode system [5].
Based on the results in Figs. 2–4, Eqs. (13)–(15) represent the
ossible reactions at the cathode.
MnO + H2O → Mn3O4 + H2 (13)
n3O4 + 2e− → 3MnO + O2− (14)
13) + (14)H2O + 2e− → H2 + O2− (15)
nO  works as a catalyst to reduce H2O. The formed H2 fuel, O2−
ons and supplied CO gas are transported to the anode through the
orous GDC layer. In the Fe–GDC anode, the following reactions
xplain the phases produced in the anode:
Fe + 4O2− → Fe3O4 + 8e− (16)
e3O4 + CO → 3FeO + CO2 (17)
FeO + O2− → Fe3O4 + 2e− (18)
17) + (18)CO + O2− → CO2 + 2e− (19)
n the heating at 700 ◦C, the transported O2− ions react with Fe
node to form Fe3O4 and electrons by Eq. (16), suppressing the
ormation of CO2. After the formation of Fe3O4, Fe3O4 reacts with
O to form FeO and CO2 by Eq. (17). The diffused O2− ions reactanode and (d) total water-gas shift reaction. Eq. (20) by part label (b) represents the
summation of Eqs. (14) and (18) based on the migration of O2− ions.
with FeO by Eq. (18) to form again Fe3O4 and electrons. That is, the
change of Fe valence (Fe3+ ↔ Fe2+) in Fe3O4 accelerates the reaction
between CO gas and O2− ions by Eq. (19). Fig. 5 shows the inﬂuence
of applied voltage on the shift reaction at 700 ◦C. The increase in
applied voltage caused the decrease in CO fraction and the increase
of CO2 fraction. The H2 fraction was in the range of 30–50 vol% and
changed periodically. This result may  be related to the adsorption-
desorption mechanism of H2 formed on the surface of MnO, and
will be studied more in future.
Fig. 6 shows the standard Gibbs free energy changes (G◦) for
Eqs. (13), (17) and (20). Eq. (20) expresses the summation of elec-
trochemical reactions of Eqs. (14) and (18). The summation of Eqs.
(13), (17) and (20) leads to the water-gas shift reaction by Eq. (2).
Mn3O4 + 3FeO → 3MnO + Fe3O4 (20)
The oxidation of MnO  with H2O vapor (Eq. (13)) has the positive
values of G◦ over the wide temperature range of 0–1000 ◦C, sug-
gesting that the chemical reaction by Eq. (13) occurs hardly. On the
other hand, Eqs. (17) and (20) provide the negative values of G◦
above 100 ◦C, indicating that these reactions occur smoothly in the
wide temperature range. As a result, the total reaction by Eq. (2)
gives the negative values below 800 ◦C, because the summation of
negative values of G◦ for Eqs. (17) and (20) is larger than the pos-
itive values of G◦ for Eq. (13). That is, the rate of oxidation of MnO
by H2O vapor (Eq. (13)) may  control the reaction rate of water-gas
shift reaction.
Fig. 7 shows the electromotive force (E◦) calculated by Eq. (21)
for the oxidation of MnO  by H2O vapor by Eq. (13) in Fig. 6,
G◦ = −2FE◦ (21)
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Fig. 7. Electromotive force for the oxidation of MnO  by H2O vapor (Eq. (13)).
here F is the Faraday constant. The E◦ value changes from −0.3 V
t 300 ◦C to −0.5 V at 700 ◦C. The negative voltage indicates that
n external voltage should be applied to proceed with the reac-
ion given in Eq. (13). When the oxidation rate of MnO  by Eq. (13)
ominates the total reaction rate of Eq. (2), the increase of applied
oltage is effective to promote the oxidation of MnO and to enhance
he total reaction rate of water-gas shift reaction. The decrease of CO
raction with increasing applied voltage in Fig. 5 is closely related
o the above discussion.
.2. Microstructure of Fe3O4–GDC anode
Fig. 8 shows the elementary distribution of the Fe3O4 anode
fter the shift reaction at 700–300 ◦C in Fig. 2. The distribution
ap  of Ce overlaps that of Gd, indicating the formation of GDC
olid solution. The distribution map  of Fe is out of accordance with
hat of Ce, indicating the phase compatibility between Fe3O4 and
DC. An interesting observation is the formation of C near Fe ele-
ent. The formation of C is also conﬁrmed by the X-ray spectra at
.26 eV in Fig. 8(g). Fig. 9 shows the C content of the cell before and
ig. 8. (a) Microstructure of the Fe3O4–GDC anode after CO–H2O reaction at 700–300 ◦C, 
ine),  (f) Fe (K line), and (g) energy dispersive X-ray spectra at the Fe3O4–GDC anode.Detected position (mm)
Fig. 9. Carbon content in the porous GDC cell after CO–H2O reaction at 700–300 ◦C.
after the CO–H2O reaction at 700–300 ◦C. The measured C content
was referred to 100% carbon material. No signiﬁcant increase of
the C content was  measured in the MnO–GDC cathode and porous
GDC electrolyte after the shift reaction. However, the C content
increased to 3–4 mass% in the Fe3O4–GDC anode. The above result
indicates that the supplied CO was  decomposed to solid carbon
in the anode in addition to the electrochemical reactions in Eqs.
(16)–(18). Recently Matayoshi [8] examined the H2–CO–H2O reac-
tion over Fe2O3 catalyst without an electric ﬁeld at 500–400 ◦C.
The CO fraction of the outlet gas decreased and the CO2 fraction
increased to 7–22 vol%. After the chemical reaction, the Fe2O3 cat-
alyst changed to Fe3C. The above result suggests the following
possible interactions between Fe2O3 and CO gas by Eqs. (22)–(24):3Fe2O3 + 9CO → 6Fe + 9CO2 (22)
6Fe + 4CO → 2Fe3C + 2CO2 (23)
(22) + (23)3Fe2O3 + 13CO → 2Fe3C + 11CO2 (24)
elementary distribution maps of (b) C (K line), (c) O (K line), (d) Ce (L line), (e) Gd (L
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(a) Fe3O4 + CO  → 3FeO + CO2 (Eq. (17) )
(b) 3Fe O + CO → Fe3O4 + C (Eq. (25))
(c) Mn3O4 + CO  → 3MnO + CO2 (Eq. (27) )
(d) 3MnO  + CO  →Mn3O4 + C (Eq.  (28))
(e) 2CO → C + CO2 (Eq. (29))
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Fig. 11. H2 fraction in the outlet gas of the porous GDC cells using MnO  cathode and
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However, no Fe3C was formed in the present anode as seen in
ig. 4(b). Based on the above discussion, Eqs. (17), (25) and (26)
epresent the possible chemical reactions in the cell.
e3O4 + CO → 3FeO + CO2 (17)
FeO + CO → Fe3O4 + C (25)
17) + (25)Fe3O4(catalyst) + 2CO
→ Fe3O4(catalyst) + CO2 + C (26)
e3O4 is reduced to FeO by reaction with CO (Eq. (17)) and the
ormed FeO reacts again with CO gas to form Fe3O4 and solid
arbon (Eq. (25)). The total reaction by Eq. (26) shows the cat-
lytic decomposition of CO gas to CO2 gas and solid carbon. The
isproportionation of CO gas into CO2 and C (2CO → CO2 + C) is ther-
odynamically accelerated at lower temperatures below 700 ◦C
4]. That is, the present porous cell promotes the shift reaction by
q. (2) at a high temperature and the disproportionation of CO gas
t a low temperature.
Fig. 10 shows the comparison of G◦ values of CO disproportion-
tion reactions over the Fe3O4 and MnO  catalysts. The summation
f Eqs. (17) and (25) and the summation of Eqs. (27) and (28)
rovide the same CO disproportionation by Eq. (29) in Fig. 10. The
bserved C content in Fig. 9 suggests the difﬁculty of CO dispropor-
ionation over MnO  in the cathode. Mn3O4 is easily reduced to MnO
y Eq. (27) because of the negative values of G◦ in Fig. 10. How-
ver, the oxidation of MnO  by CO (Eq. (28)) has the positive values
f G◦ above 300 ◦C. That is, MnO  is oxidized by H2O vapor in the
lectric ﬁeld (Eq. (13) and Fig. 7) rather than by CO in Eq. (28). In
he anode, the reduction of Fe3O4 with CO by Eq. (17) occurs in the
ide temperature range because of the negative values of G◦ for
q. (17). As shown in Eq. (18), most of FeO in Eq. (17) reacts easily
ith O2− ion by Eq. (18) to form Fe3O4 and electrons. In addition,
he oxidation of FeO with CO is possible in the low temperature
ange because of the negative values of G◦ for Eq. (25). That is,
e3O4 may  act as a catalyst to promote the CO disproportionation
n the anode..3. Comparison of shift reaction for Co cathode and MnO cathode
Fig. 11 compares the H2 content in the outlet gas of the porous
DC cells using MnO  cathode and Co cathode. In the Co cathodeTemperatu re ( ºC )
Fig. 12. Electrical resistivity of MnO, Mn3O4 and Fe3O4.
[5], the H2 fraction increased at a lower heating temperature. This
result is well explained by the calculation of the standard Gibbs
free energy change (G◦) for the shift reaction (Eq. (2) and Fig. 6).
The G◦ value becomes a negative value below 857 ◦C, indicating
that the formation of hydrogen is accelerated at a low temperature
(Fig. 6). However, the H2 fraction in the present cell using MnO  cath-
ode increased at a high temperature. Fig. 12 shows the electrical
resistivity of MnO  in air [9], Mn3O4 at PO2 = 5 × 10−3 atm [10] and
Fe3O4 in air [11]. The resistivity is very sensitive to heating temper-
ature. At a low temperature, the reduction of Mn3O4 by electrons
to form MnO  and O2− ions (Eq. (14)) occurs hardly because of the
low electrical conductivity of Mn3O4 and MnO. As compared with
the resistivties of MnO  and Mn3O4, Fe3O4 has a lower resistivity,
suggesting the smooth reaction of Eq. (18). That is, the thermody-
namics of shift reaction controls the H2 fraction for the electrode
of a high electrical conductivity. However, the H2 fraction for the
electrode of a high electrical resistivity is enhanced by increasing
the heating temperature.
4. Conclusion
Electrochemical shift reaction of CO with H2O at a molar
ratio CO/H2O = 1/7.35 through a porous MnO–GDC (cathode)/GDC
(electrolyte)/Fe3O4–GDC (anode) cell at 1–4 V of applied volt-
age produced a H2-riched mixed gas of (21–70)% CO–(23–62)%
H2–(5–41)% CO2 at 700 ◦C. With increasing heating temperature,
the reactivity of CO gas increased, resulting in the increased amount
of H2 and CO2 gases (CO + H2O → H2 + CO2). No oxidation of MnO in
the cathode was  recognized after the shift reaction. The electrical
conductivity of Mn3O4 is a dominant factor in the cathode to control
n Cera
t
A
F
m
(
t
c
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he formation of MnO  and O2− ions (Mn3O4 + 2e− → 3MnO + O2−).
fter the shift reaction, Fe in the anode was oxidized to form
e3O4. The valence change (Fe3+ ↔ Fe2+) of Fe ions in Fe3O4 pro-
otes the catalytic reaction for the oxidation of CO with O2− ions
CO + O2− → CO2 + 2e−). As a parallel reaction of the shift reaction,
he supplied CO gas was decomposed over Fe3O4 into CO2 and solid
arbon in the anode (2CO → CO2 + C, disproportionation of CO).
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